Summary
Magnesium oxide has been discovered to be a very strong sorbent for arsenic in both the +3 and +5 oxidation states. & values are as high as 1 x106 Umole. However, a problem in using Mg(OH)2 for arsenic sorption is removal of the Mg(OH)2 after sorption has occurred. A pressure sand filter using a mixture of different sizes of sand (50 to 400 mesh) was constructed and effectively removed Mg(OH)2 in bench scale tests. The filter was tested at flow rates from 2 to 4 gallons/minute and 0.1 to 0.5 g of Mg(OH)2 per gallon of water. Once the filter reached its capacity the flow of water through the filter was reversed, fluidizing the sand bed, and washing the reacted Mg(OH)2 and arsenic out the top of the filter.
Another problem with using Mg(0H)z in water treatment is its reaction with carbonate in water to form MgC03 which does not sorb arsenic. This problem has been almost eliminated by stabilizing the Mg(OH)2 as a Sorrel's cement. Sorrel's cements are composed of MgClz with Mg(OH)* in a polymerized form. Sorrel's cements are easily formed by mixing the two compounds in the proper ratio with water. Other compounds can be added to further stabilize the mixture. By using an FeC13 doped Sorrel's cement, we have been able to maintain the sorptive properties of Mg(0H)z and have almost eliminated the reaction of Mg(OH)2 with carbonate.
Additionally, a new sorbent based on zirconium has been developed for arsenic sorption. Zirconium is an environmentally benign material found in many common products such as toothpaste. It is currently used in water treatment and is very inexpensive. In this work, zirconium has been bonded to activated carbon, zeolites, sand and montmorillonite. Because of its high charge in ionic form (+6), zirconium is a strong sorbent for many anions including arsenic. In equilibrium experiments arsenic concentrations in water were reduced from 200 ppb to less than 1 ppb in less than 1 minute of contact time.
Analytical methods for detecting arsenic in water have also been investigated. Various analytical techniques including HPLC, AA and ICP-MS are used for quantification of arsenic. Due to large matrix interferences HPLC and AA techniques are not very selective and are time consuming. ICP-MS is highly efficient, requires a low sample volume and has a high tolerance for interferences. All these techniques are costly and require trained staff, and with the exception of ICP-MS, these methods cannot be used at low ppb arsenic concentration without using a preconcentration step. An alternative to these traditional techniques is to use a colorimetric method based on leucocrystal violet interaction with iodine. This method has been adapted in our facility for quantifying arsenic concentrations down to 14 ppb.
The major accomplishments for the work on arsenic sorbents include:
The kinetic and sorption properties of Mg(OH)2 for arsenic have been determined A 1-5 gallodminute system for arsenic removal using Mg(0H)z and a pressure sand filter has been constructed, tested and the system presented to U.S. Senator Pete Domenici and the Mayor of Albuquerque, Jim Baca.
Mg(OH)2 has been incorporated into a Sorrel's cement where it is resistant to carbonate attack. The Sorrel's cement is a strong sorbent for arsenic but does not have the problem of pH adjustment and reaction with carbonate that Mg(0H)z does. Kinetic and equilibrium properties of Sorrel's cement with arsenic in water with and without carbonate have been determined.
Proof-of-principle experiments have been performed with a new arsenic sorbent, zirconium doped activated carbon and zeolite. The results are very promising. The use of zirconium-based materials does not require a pH adjustment.
A new analytical method for arsenic quantification using a pre-reduction step followed by colorimetric detection using leucocrystal violet dye interaction and iodine has been used to accurately quantify arsenic in Albuquerque tap water. The method is inexpensive, accurate, rapid and easy to use.
The use of Mg(0H)z as an arsenic sorbent was presented at the 6th Annual New Mexico Environmental Health Conference, October 29-3 1, 2001 Albuquerque, NM and the ACS meeting in Orlando, Florida, August 2001.
Introduction
Arsenic (As) has long been known as a highly toxic element. Recently, the United States Environmental Protection Agency (EPA) adopted a regulation to reduce the public health risks from arsenic in drinking water. The EPA set the new arsenic standard for drinking water at 10 ppb down from the original 50 ppb to protect consumers against the effects of long-term, chronic exposure to arsenic in drinking water.
A survey conducted by the American Water Works Association (AWWA) for inorganic contaminants in water supplies in the United States revealed 34 violations for arsenic (maximum contaminant level (MCL) 0.05 mg/L), with concentration values ranging from 0.052 to 0.190 mg/L and a mean concentration of 0.083 mg/L (American Water Works Association Committee, 1985) . Arsenic cannot be destroyed; it can only be converted into different forms or transformed into insoluble compounds in combination with other elements, such as iron.
Higher levels of arsenic are generally found in ground water rather than in surface water sources.
In the United States, western states have more systems with arsenic levels greater than 10 ppb. In order to reach the new arsenic standard in drinking water, cost-effective technologies are needed. In this work Mg(OH)2, Sorrel's cements, and zirconium doped activated carbon, zeolite, sand and montmorillonite are being investigated as sorbents for arsenic. Kinetic and equilibrium experiments have been performed that indicate these materials are rapid acting, strong sorbents for arsenic. Mg(OH)2 was used with a pressure sand filter to remove arsenic in a 1 to 5 gallon per minute bench scale system. Using a mixture of sand sizes, 50 to 400 mesh, Mg(0H)z with sorbed arsenic was easily removed at levels from 0.1 to 0.5 g Mg(OH)* per gallon of water.
One of the problems with the use of Mg(OH)2 for arsenic sorption is the reaction of Mg(0H)z with carbonate in the water to form MgC03. MgC03 does not sorb arsenic therefore reducing the efficiency of the process. Another problem with the use of Mg(OH)2 is the pH change of the water to be treated. With Mg(0H)z solid present, water pH is set at 10.6. The acid required to reduce pH back to levels of drinking water, around 6.5 to 9, would add to the cost of the treatment process. To overcome these problems we have incorporated Mg(0H)z into the form of Sorrel's cement. Sorrel's cement is a mixture of Mg(OH)2, MgC12 and water. Other compounds can be added to affect the physical and chemical properties of the Sorrel's cement. In this work, we have identified FeC13 as a compound that increases the resistance of Sorrel's cement to react with carbonate and lowers the equilibrium pH of water in contact with Sorrel's cement.
In addition to developing a Sorrel's cement for arsenic sorption, we are also examining zirconium doped activated carbon, zeolite, sand and montmorillonite. Recently, zirconium bound to activated carbon tubules has been used in analysis by atomic adsorption spectroscopy as a pre-concentration step. In our work we have attached zirconium to activated carbon and zeolite particles and used the material to sorb arsenic from water. Zirconium doped materials do not have the drawback reactions with carbonate and pH adjustment which is required for Mg(OH)2 based compounds. Additionally, the use of zirconium attached to zeolite is very economical.
The technique for quantifying arsenic in water is based on reducing all arsenic to the +3 oxidation state and reacting the As(II1) with potassium iodate. Arsenic reacts with potassium iodate in the presence of HC1 to liberate iodine. The librated iodine oxidizes leucocrystal violet to form crystal violet dye in the presence of sodium hydroxide. The dye can be quantified using a W N I S Spectrophotometer set at 595 nm. This method is low cost, simple, and can be performed in 1 hour. In our facility we have adapted the method for measuring arsenic concentration down to IO ppb. For water samples containing both As(II1) and As(V), SnCl2 is used to reduce all arsenic to the +3 state for analysis.
Experimental Batch and Equilibrium Experiments
Arsenate (NaAsOpH20) or arsenite (NaAsOpHzO) were obtained from Aldrich and used as received. Batch kinetic and equilibrium sorption experiments were performed in the same manner. Solid sorbents were equilibrated with water at a set pH. The pH was adjusted using either NaOH or HC1. Arsenic in either the +3 or +5 oxidation state was added to the solutions and agitated for a specific time or until equilibrium was reached. The solid sorbents were removed by centrifugation and filtration. Arsenic concentrations were determined by ICP-MS. For kinetic experiments, the concentration of arsenic sorbed was determined over time.
NSF challenge water was used in the batch and equilibrium experiments and made using the following components: Truth or Consequences, NM. Activated carbon was obtained from Fisher Scientific and ground and separated into two fractions: coarse (-2 mm) and fine powder. Zirconium oxychloride hydrate (98%) was obtained from Aldrich as received. ZrDZ and ZrDC were synthesized by immersing 10-100 g solid in 25-50 mL 0.1 M ZrOCl2 solution for 1-2 days, filtered and rinsed extensively with deionized water, air-dried and stored in polyethylene bottles before use.
ir-pillared montmorillonite (ZrPM)
Reference montmorillonite clay, SWy-1 (Source Clay Repository of the Clay Mineral Society) was dispersed in water using NazCO3 and the e 2 pm fractions separated using wet sedimentation. ZrPM was synthesized by titrating freshly prepared 0.25 M ZrOCl3 into a welldispersed clay suspension (lg/IOO mL) to reach a final concentration of 0.25 mmol Zr/g clay. The suspension was continuously stirred at room temperature (23'C) for 2 hours, then filtered, washed and dialyzed extensively against deionized water (DI) until the conductivity was below 0.01 ds m-'. The samples were dried at 4OoC, ground and stored in polyethylene bottles before use. A portion of the sample was calcined at 400°C for 2 hours.
UVNIS Colorimetric Quantification of Arsenic
A UV-VIS Spectrometer with quartz cells was used for quantification. Stock solution of arsenic (1000 ppm) was prepared from sodium arsenite (Merk). Leucocrystal violet was obtained from Schmid and Co., West Germany. Potassium iodate was obtained from Fisher. All the reagents used were of A.R. grade. Double distilled deionized water was used for all measurements.
Preparation of Calibration Curve
To a 25 mL aliquot of solution containing 5-500 ppb arsenic, 2 mL of 1% potassium iodate and 1 mL of 0.5 M HC1 was added and the mixture was shaken gently for 5 minutes followed by addition of 1 mL of leucocrystal violet and 5 drops of 2 M NaOH solution. The solution was kept in a thermostat oven at 4548OC for 15 minutes. The pH was adjusted between 5.5 to 6.5 before the colorimetric measurement. The absorbance was measured at 59222 nm against a reagent blank that was prepared in the same manner as mentioned above.
Determination of total As in Albuquerque tap water
To one liter of tap water 0.001g of SnCli was added to convert all As(V) to As(1II). Air was then bubbled through the sample to convert all remaining SnCl2 to SnO. The procedure described above was then used to measure the As(II1) in solution.
Results and Discussion

Mg(0H)Z for Arsenic Sorption
The kinetics of arsenic sorption onto Mg(OH)2 are very rapid (Figure 1 ). Concentrations of 200 ppb can be reduced to less than 10 ppb using 0.3 g of Mg(0H)z per liter of water. Lesser amounts of Mg(0H)z require more time. Mg(OH)2 has the advantage of sorbing arsenic in the +3 and +5 oxidation state, although sorption of +3 arsenic proceeds slower and equilibrium constants are not as high as with arsenic in the +5 state.
At this time we are not modeling the reactions kinetics because the stoichiometry of the Mg(0H)z-arsenic compound is unknown. We are currently looking at using XAFAS for examining the surface of the Mg(OH)2 with sorbed arsenic. These experiments should be completed this summer. The equilibrium constant for arsenic(V) sorption to Mg(OH)2 is extremely high with values as high as 968000 Umole (Table 1) . These values are significantly decreased by the presence of carbonate in the water.
Thus far the mechanism of sorption of arsenic(V) onto Mg(0H)z is unknown. A plot of final concentration of arsenic in solution vs. I& is close to linear and does not confine to any conventional isothermal models (Figure 2 ). Samples were analyzed by ICP-MS. In addition to reagent grade Mg(OH)2, commercial Mg(OH)2 from Martin Marietta was tested for use as an arsenic sorbent ( Table 2 ). The commercial product was sized to that of reagent grade material (200-400 mesh size) and tested in batch experiments. The commercial material reduced 100 ppb arsenic to approximately 46 ppb while the reagent grade material reduced arsenic concentrations to approximately 5 ppb. The decreased sorptive ability of the commercial material is likely due to the method of manufacture. Reagent grade material is precipitated from an over saturated solution while commercial material is produced by calcining MgC03 ore. The calcining results in a much more crystalline MgO that requires much more time to convert to Mg(OH)2 in water. Granular MgO had very little effect on arsenic concentrations. 
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The use of Mg(OH)2 for arsenic sorption requires a method of mixing the Mg(OH)2 in the water and removing it after sorption of arsenic has taken place. It is not practical to use Mg(0H)Z in a packed column configuration because of the reaction of Mg(OH)2 with carbonate. After a relatively short time all MgO in the column would be converted to MgC03 and all arsenic would be released hack into the water. Mixing the Mg(OH)2 with water is a trivial task, but because of its very small size, 200 to 400 mesh, separating the Mg(OH)2 from water after reaction can he difficult. In this work, we constructed a flow system using a pressure sand filter for removing the Mg(OH)2 after reaction with arsenic (Figure 3) . The sand is a mixture of different sizes ranging from 50 to 200 mesh. The system has a variable flow rate from 0.1 to 5 gallon per minute. The system was tested using deionized water and NSF challenge water with an initial arsenic concentration of 100 ppb and a flow rate of 2 gallons per minute (Table  3) . For the deionized water, arsenic concentrations decreased to 1 to 12 ppb depending on the amount of MgO added. For NSF challenge water, arsenic concentrations decreased to 8 and 14 pph using 0.5 and 0.2 g MgO per gallon of water respectively. The NSF water contained 200 ppm of carbonates and required more MgO for arsenic sorption. 
Stabilization of Mg(OH)* against reaction with C03'
As previously stated, a major problem in using Mg(OH)2 is the reaction of Mg(OH)2 with carbonate in water to form MgC03 that decreases the efficiency of the process. In order to stabilize the Mg(OH)2 against reaction with carbonate we have stabilized the Mg(OH)2 in the form of a Sorrel's cement. Sorrel's cements are composed of MgO and MgC12. When mixed with water the MgO reacts with the water converting to Mg(OH)2 in a polymerized form when MgCIz is present. This produces a hard, more stable form of Mg (0H) produce a sorbent for arsenic that is much more resistant to reaction with carbonate than Mg(OH)2 but still strongly sorbes arsenic. Table 4 gives results for arsenic sorption using 1 g of sorbent per liter of solution. With a reaction time of 5 minutes, the doped Sorrel's cements performed almost as well as Mg(0H)Z. However, in the presence of carbonate the Sorrel's cements perform much better than Mg(OH)2 (Table 5) . With carbonate concentrations between 200 to 700 ppm the Sorrel's cements sorb a order-of-magnitude more than Mg(OH)2. Of the types of doped Sorrel's cements tested, the FeC13 doped Sorrel's cement proved to be the best material. Although the Si02 doped material was just as effective in removing arsenic it was much more soluble in water. Because of its effectiveness, resistance to carbonate attack, and stability in water, the FeCI3 doped Sorrel's cement was further investigated. Kinetic and equilibrium experiments were performed. Kinetic experiments indicate the material can be used to significantly reduce arsenic concentrations (Figure 5 ). Using 0.5 g per liter of 550 ppb arsenic and 200 ppm carbonate, arsenic concentrations were decreased to approximately 150 ppb in 10 minutes of contact time.
Values of equilibrium constants, &, are given in Table 6 and range from 631 to over 35,000.
Although these values are not as high as Mg(OH)Z, they indicate the FeC13 doped Sorrel's cements are very strong sorbents for arsenic. Additionally, the materials to manufacture the plot of final arsenic concentration versus 1& is given in Figure 6 . The plot is similar to the one for arsenic sorption to Mg(0H)Z. As with Mg(OH)2, the data can not be modeled using any Sorrel's cements are very inexpensive and do not require a large energy input (Le. heating). A conventional isothermal model for sorption.
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Chromium Sorption
In addition to sorption of arsenic, Sorrel's cement is also a strong sorbent for chromium. In batch tests with 0.5 g of Sorrel's cement in 500 mL of water containing 500 or 1000 ppb chromium concentrations decreased to 17 and 36 ppb respectively in 15 minutes time ( Table 7) . Table 7 . Sorption of chromium onto Sorrel's cement in water. 0.5 g of Sorrel's cement in 500 mL of Cr solution.
Adsorbent
Sorrel's cement 500 17
Sorrel's cement 1000 36
Zr-Doped Clays and Activated Carbon as Effective Adsorbents for Trapping Trace Arsenic in Drinking Water
Rare earth elements have been found to have a high affinity for fluoride, phosphate, and other weaker conjugate acids such as arsenic and selenium. Due to their high affinity for these elements, rare earths have been used as solution modifiers, pre-concentrators, and furnace coatings for As, Se and Hg for analysis by atomic absorption spectroscopy (AA). Zirconiumdoped materials were synthesized using zeolite, montmorillonite and activated carbon and tested for their ability to remove trace amounts of arsenic from water (Table 8) . A single column experiment has been performed to date using zirconium doped zeolite ( Table 9 ). The results indicate the material can rapidly reduce arsenic concentrations from high levels of 100 ppb to less than 1 ppb with a residence time of only 45 seconds. Additionally, the cost of zirconium doped zeolite is very low. A pound of the material can be produced for approximately $0.70 (Table 10) . The results from arsenic sorption experiments for arsenic in its various forms sorbed to Zr doped montmorillonite in simulated groundwater are given in Table 11 . Initial arsenic concentrations below 500 ppb are reduced well below the new EPA limit of 10 ppb. For activated carbon more sorbent was required to remove the same amount of arsenic than for the Zr doped montmorillonite 
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Zr-Coarse AC 5 g 182 As(II1) 5.3 Zr-Fine AC 0.5 g 185 As(V) 9.3 Figure 7 gives the results for a kinetic study of arsenic sorption to Zr-tailored materials. Both As(II1) and As(V) were sorbed in the study and completely removed in 60 minutes. Figure 8 is the sorption isotherm of arsenate and arsenite by Zr-zeolite from simulated groundwater. The effect of ions that could interfere with the sorption of arsenic to Z r doped zeolites is given graphically in Figure 9 . As seen in the figure, only phosphate is a significant competitor for sorption. However, typically groundwater contains only a trace amount of phosphate. Figure 10 and 11 are plots of arsenic concentration in the effluent of column experiments for by Zractivated carbon and Zr-tailored zeolite respectively. As seen in Figure 11 , more than 1500 pore volumes passed through the column with no breakthrough. The experiments had to be terminated because of equipment failure at this point. Figure 10 . Column Study of As(V)/As(III) removal using Zr-Activated Carbon. Initial As(III)=25ppb; As(V)=25 ppb in simulated ground water. Flow rate=0.08 mUmin. Column length=12.5 cm. Column d i a m e t e~l . 5 cm. Zr-AC mass=10.5 g. Figure 11. Column Study of As(III)/As(V) removal by Zr-Tailored Zeolite. After 40 L of solutions passed through the column breakthrough still had not occurred. Initial As(II1) = 25 ppb; As(V) = 25 ppb in simulated ground water. Flow rate = 0.8 mllmin. Column length = 12.5 cm. Column diameter = 1.5 cm. Zr-zeolite mass = 20.5 g.
UV Colorimetric Quantification of ppb Levels of Arsenic in Water
After testing the colorimetric method, the method was used to determine the concentration of arsenic in Albuquerque tap water, which was compared to results from ICP-MS analysis ( Table  13) . The results indicate the method is highly accurate for quantification of arsenic. However, much more work is needed including a test for compounds that could interfere with the method. 
Conclusions
The results from this work indicate both Mg(0H)z and zirconium doped clays, minerals, and activated carbon will strongly sorb arsenic. For Mg(OH)2, the material is best used in the form of Sorrel's cement to prevent reaction with carbonate to form non-arsenic sorbing MgCO3. The use of Mg(0H)z or Sorrel's cement is best suited to operations where the sorbent is contacted with arsenic containing water and then removed from the system before excessive reaction with carbonate can occur.
Zirconium doped materials have a very high capacity for arsenic sorption and do not suffer from the drawbacks of Mg(OH)* or Sorrel's cement. The zirconium doped materials do not effect water pH or add any additional species to the water. The only significant interfering species is phosphate that is typically not present in groundwater to any appreciable extent. A significant advantage of zirconium doped materials is cost. The raw materials necessary to produce zirconium doped materials are very inexpensive. Lastly, zirconium is environmentally benign and poses no health hazards and is easily disposed in a municipal landfill.
